THE clinician's demand upon a serum test for syphilis is that it shall have the maximum sensitivity obtainable without loss of specificity. Specificity is thus a limiting factor in the growth of sensitivity. In the BordetWassermann complement-fixation reaction, specificity is controlled both by the proper adjustnimnt of haemolysis times to suit the balance of the haemolytic system, and by the purity of the lipoidal extract used as antigen. In the past, much attention has been given to the former requirement (see, e.g., Kolmer, I928; Eagle, I937) , but progress with the latter (see, e.g., Browning and McKenzie, I924; Eagle, I937) has been restricted by the chemical difficulties of isolating an immunologically pure lipoid. The present paper reports a study, pending suitable isolation of the lipoid, of the use that can be made of zone phenomena to distinguish between specific and nonspecific fixations.
The reactants in any antigen-antibody system may be combined in a certain ratio which is optimum for demonstration of the reaction, and combinations in other proportions may partially suppress the demonstration, giving zone inhibitions (Marrack, I938) . If small amounts of antigenic impurity are present in the antigen, the effect of altering combining proportions so as to bring zone inhibitions into play can be used to distinguish between specific and non-specific reactions. This generally useful device can be applied to any antigen-antibody system which is liable to zone inhibition, not excluding systems with lipoidal antigens. In this paper, the value of this guide to specificity has been tested in a suitable adaptation of the Harrison-Wyler (Wyler, I929) and Wyler (I932) methods of the Wasseri66 mann reaction. As a result, the sensitivity of the latter method has been maintained, and linked with an important improvement in the detection of partial fixations (" doubtful reactions ") of diagnostic significance. The new method is thus especially useful in dealing with the weak serum reactions which occur with increasing frequency in present-day laboratory experience. It was hoped to compare this method with others at a serum Conference convened for last September-October at Copenhagen, and to defer publication until after this Conference. International events have, however, prevented thle Conference, and temporarily suspended further trials in this country. Though certain technical details are still under study, the value of the results so far obtained has seemed sufficient to justify a report at the present stage. The work so described refers only to sera, but preliminary tests made with spinal fluids suggest that the method may be equally useful with them.
Application of the method to techniques using spirochaetal antigen (the Reiter strain of Treponema pallidum;
Gaehtgens, I929; Beck, I939; Eagle and Hogan, I940) might seem, at first sight, to be especially useful. In series of several thousand tests, the spirochaetal antigen has been found to give an increased number of fixations with both syphilitic and non-syphilitic sera, as compared with the lipoidal antigen (Gaehtgens, I932; Vogelsang, 1940) . Elimination of these non-specific fixations would therefore be important, but it seems that the concentration of spirochaetal antigen required for complement fixation by this method is so high as to give little opportunity for inducing zone inhibitions by antigen excess. effectiveness of treatment or to detect the weaker reactions sometimes occurring with latent or congenital syphilis. Consequently, the finer degrees of sensitivity have become increasingly important, and in this respect the early Wassermann methods have been surpassed in laboratory trials by serum flocculation methods, which were shown to be very useful in expert hands (League of Nations Health Organisation, I929, I93I). The sensitivity of Wassermann methods revealed at these Conferences has, however, proved to be capable of improvement (Wyler, I932) , and in more recent developments attention has been especially directed to the use of optimum combining proportions of serum and antigen (Eagle, I936; Boemer and Lukens, I937; Wadsworth et al., i938b) .
These developments of technique may be illustrated by the methods depicted in condensed form in Table I . All these methods employ inactivated serum, pooled guinea-pig complement, and lipoidal heart extract (usually fortified with cholesterol to varying extents), and all but the methods of Kolmer, Griffith and Scott, and Ruediger use sheep cells sensitised witlh rabbit v. sheep amboceptor (Kolmer employs cells and amboceptor separately, Griffith and Scott, horse amboceptor, and Ruediger, human cells with suitable rabbit amboceptor). Most of the methods employ a certain degree of cool (room temperature) or cold (ice-box) fixation. Table I shows that two ways of estimating the strength of a reaction are in use. The first depends on fixation of a standard complement dose by varying amounts of serum, and the second on fixation of varying complement doses by a constant serum amount. There seems to be no finality as to the relative merits of either. It is noteworthy, however, that the former method reveals zone inhibitions in the fixation of complement under conditions of serum excess (Kolmer, I928; I937) . Kolmer considers this zoning to be normal in specific fixations with certain sera and Eagle concurs in this view, suggesting that. the main type of serum zoning is usually minimised by cold fixation. Levine (I93I) , however, has noted serum zoning especially in cold fixation and believes that it indicates fixation of substances not of syphilitic origin. These differences of view may perhaps be related to the fineness of adjustment of the hoemolytic system. Kolmer, I939) . Lipoid has also been used in two different arbitrary strengths (Sordelli, I931) , and this variation has been extended to three strengths (Wadsworth et al., I938b), optimum for fixation of increasing amounts of complement with weakly, moderately, and strongly positive sera, respectively. The present paper explores the possibilities of using stepped combining proportions of serum and antigen with constant complement.
At the hoemolysis stage, no especial trends are noticeable. Apparently the hoemolytic system fills a straightforward r6le as indicator of fixation, and functions within somewhat wide limits. Indeed Table I method under conditions of routine testing. As, however, the method reported in this paper has proved highly satisfactory under such conditions, it is of interest to outline the considerations on which it was based. These were:
(a) That the zone inhibitions observed in the BordetWassermann reaction (see above) have a general resemblance to those known to occur with authentic antigens, especially in regard to inhibition by excess antigen (Marrack, I938) . Moreover, a syphilitic serum can be described adequately as an immune serum (cf. Eagle, I937; also Dunlop and Sugden, I934) , and recent work suggests that the specificity of the lipoidal antigen is determined by a chemical group (or complex) in the lipoid surface which resembles an active group of the spirochaetal antigen (Beck, I939; Eagle and Hogan, I940) .
(b) That the non-specific reactionsJ which at present impede an increase in sensitivity may be due to the use of crude lipoidal extracts containing impurities which react with a proportion of routine sera, and that these reactions might be identified by deliberate use of zone phenomena as a means of differentiating specific fiom non-specific fixations.
(c) That the value of tlle heemolytic system used as indicator would be enhanced by keeping its hkemolytic activity as high as possible in proportion to its fixability. The Active Haptene (" Antigen ").-Much controversy as to the specificity or otherwise of reactions with lipoidal extracts could be avoided if the active substance (hereinafter called haptene) were water-soluble and could be used in a state of chemical purity. In actual fact, however, the haptene-antibodv reaction has to take place at a lipoid-water interface, and is dependent on the effective distribution or availability of haptene in the interface. What actually occurs in such reactions is not universally agreed, but the description below offers a plausible explanation of the r6le of the different components of lipoidal antigens used in syphilis serum tests, and may serve to make clear the rationale of the method described in the present paper.
It is probable that the droplets in a reactive emulsion consist of an inert bulk of lipoid coated with a film of surface-active material at the lipoid-saline interface (Eagle, I937) , and that the reactivity with serum depends on the effective distribution of specific haptene in this film. It seems likely that the effectiveness of distribution is determined by the formation of rather specific, stable, molecular complexes in a mixed film (Schulmann and Rideal, I937) , and will be fully effective only when each component of the reactive complex is present in the film in the right proportions and correctly oriented. It could, indeed, be considered formally that one of these components is equivalent to a simple haptene (Marrack, 1938) , and is converted by film formation into a complex haptene capable of participating in serum reactions (indeed, it could be considered that the haptene function results solely from a certain orientation of polar groups within the film and has no existence apart from the film).
Probably cholesterol (or other sterol) is a component of the reactive film, and is present in sufficient quantity in unfortified lipoidal extracts, as usually prepared, to permit some degree of reactivity. Without fortification, much of the lipoidal haptene remains unused in the bulk of the droplet, however, so that added cholesterol (or other bulk material, Eagle, I93I) shows its fortifying effect by increasing the
group.bmj.com on October 26, 2017 -Published by http://sti.bmj.com/ Downloaded from available surface and the formation of complex haptene within the surface film. Other fortifying effects result if the lipoidal extract contains impurities more surface-active (or forming more stable surface complexes) than the reactive haptene (or any component thereof). With a limited surface, such impurities may render much of the haptene ineffective by pushing it into the interior of the droplet, but with suitable increase of surface this haptene may again become effective by re-appearing, correctly oriented, in the surface film. Removal of all the surface-active, non-haptenic impurities may be undesirable, however, especially at high dilutions of the lipoidal extract, since they may serve to maintain a stable emulsion. Full activity of the emulsion may be displayed only if a correct balance is attained in the interface between several unknown bodies, and one of the immediate problems of research in this field is the isolation and identification of these.
In such circumstances, differences of technique may greatly affect the distribution attained on a limited surface, and conditions governing the formation of the original emulsion will be vital to its subsequent performance (Griffith and Scott, I920, p. 6i) . Lipoidal emulsions having identical haptene concentrations may thus have quite different properties (Eagle, I937 ). This will be especially so if the extract contains specific haptenes and contaminating haptenes both competing for the available surface, when it may be found that differences of technique alter both sensitivity and specificity simultaneously. For these reasons, actual concentrations of haptene are of little significance in discussion, and in what follows the term " haptene strength " will be used,* implying the amount of effectivelv distributed haptene available for combination with antibody. It will be seen that the important r6le of physical factors in serum reactions for syphilis may well be a consequence, rather than a contradiction, of the suggested specific nature of the lipoidal haptene.
As to the chemical nature of the haptene, it will be obvious that both the isolation of the active lipoid and the proof of its reactivity are matters of some complexity. In general, the active lipoid resembles a phospholipoid, and it is found in certain lecithin fractions (Browning and McKenzie, I924) . Nevertheless, it seems that purified lecithin and cephalin do not contain it * Both Eagle (1937) effects can be promptly made if the contrasted effects are noted of using (in presence of constant complement) the lipoidal emulsion both in proportions giving excess of specific haptene, as occurs with the customary dilution of extract, and in optimum combining proportions, as with higher dilution of extract. A specific reaction which is partially suppressed, by zoning, with the customary dilution of extract, should be enhanced under conditions of optimum proportions; a non-specific reaction which is partial with the customary dilution should, on the other hand, be weakened by further dilution. Thus, provided that the contaminating haptene is never able to fix the whole complement dose with non-syphilitic sera at the higher dilution of extract, a reliable guide to specificity is obtained.
In (I929, I932) . Study of the effects of this difference will be assisted, therefore, by having no difference in hoemolytic reagents. This has been done in the comparison series of tests reported in this paper, but two slight changes are embodied in the conditions under which haemolysis occurs in the new test. The first of these follows from the reduced amount of alcoholic extract, which lessens the extent of complement deterioration during fixation. The second follows from the well-known power of certain human sera to enhance hkemolytic activity. It was found that this property extended, in part, to the ash of these sera, and that magnesium (Kellogg and Wells, I926) , cobalt, or nickel salts were probably responsible. It seemed wise to ensure the presence in all tests of sufficient catalytic salt to give the increased haemolytic activity, and to this end a magnesium salt was added (Kolmer, I928) . This addition has not affected fixability except for a possible slight enhancement.
In effect, the hoemolytic dose of complement employed in the new method is thus somewhat greater than the three units indicated in Table I (though its fixability is little altered). It was nevertheless possible to set up and I74 (Wyler, I929) under closely similar conditions. Since the result of the comparison was very favourable, a procedure more suited to routine testing by the new method is being developed.
The composite test was set up in five tubes which were filled as shown in Table II . It will be seen that Row 5 is the 3-unit serum control of the Harrison-Wyler and Row 4 the serum control of the new method. Rows 3 and 2 are the test rows of the former and Rows 2 and i the test rows of the new method. Row 2 is thus used in both methods, and it is necessary to point out the slight differences between it and Row i, apart from differences in serum and lipoid dilution. In Row 2 the volume per tube is 5 per cent. greater than in Row i, and there is no magnesium in it, both factors tending to make any heemolysis slightly slower than in Row i. The difference cannot affect anything but the incidence of + + and + readings by the new method. Conclusions as to specificity and overall sensitivity are not altered.
The general technique followed that described by Wyler (I929) as far as possible, and his paper should be consulted for greater detail.
Saline.-This was a sterile, o-8S per cent. solution of pure sodium chloride in distilled water.
Diluted Serum.-The sera were inactivated for thirty minutes at 550 and diluted with saline in the amounts shown in Table II . For Rows i and 4 a solution of magnesium salt was added. The magnesium concentration of normal serum varies from M/8oo to M/I,200, and the amount added was originally I/5 volume of M/400 magnesium chloride. Later, the catalytic activity of magnesium was found to extend over concentrations up to M/20 (M/400 during hoemolysis), and the amount was changed to M/50 magnesium glycerophosphate, since this salt had a fH of 7-6 and appreciable buffering power. The emulsion was also used in greater dilution (see Row i, Table II ). The aim in this was to weaken the nonspecific fixation as far as was consistent with the preservation of sufficient haptene in the extract to give complete absence of lysis with strongly reacting syphilitic I76
group.bmj.com on October 26, 2017 -Published by http://sti.bmj.com/ Downloaded from sera and something near optimum fixation with weakly reacting syphilitic sera. The dilution was arrived at by a titration of haptene strength, and was arbitrarily taken as the highest dilution of standard emulsion in saline which, under conditions similar to Row i, would completely fix 4 units of complement with several different strongly positive sera. The end-point was noted after 5 minutes incubation at 370, and gave the standard haptene strength for use with 3 units of complement in tests using that extract. This was about the lowest haptene strength which could be used without weakening certain specific fixations as the result of haptene insufficiency, and its ability to give full fixation of the standard complement dose with a positive control serum must be checked each test day. By using a titration method based on that of Eagle (I936) it was also shown that this haptene strength is about the optimum for use with weakly reacting syphilitic sera. The range of dilution of the standard emulsion has varied from i in 6 to i in I0 (i.e., I in go to I in I50 of the standard extract, diluted in two stages), and needs confirming only very occasionally in the life of an extract. Since the dilution is always carried out on a pre-formed lipoidal emulsion, the exact change of haptene strength is reproducible from day to day.
Sensitised Cells.-These were sheep cells adjusted colorimetrically to a standard heemoglobin content which represents approximately 3 per cent. cells by volume. The cells were sensitised for fifteen minutes at 370 with 6 units of rabbit v. sheep amboceptor, the unit being measured infrequently as described by Wyler (I929) .
Procedure.-The reagents were added to the tubes in the sequence : dilute serum (diluted in tube with addition of magnesium if indicated), dilute complement, lipoid emulsion, and sensitised cells, the Donald dropping technique being used. The more dilute lipoid emulsion was added from the saline (0o76 cm.) dropper. Controls were included each test day on the fragility of the cells, the native haemolysin of the serum used for complement, the effect of the lipoid emulsion and of each serum on the complement, and the fixability of known positive and negative sera. Fixation of the first three reagents proceeded for thirty minutes at room temperature, followed by thirty minutes in the water bath at 37°. After addition of the sensitised cells, the tubes were I77 group.bmj.com on October 26, 2017 -Published by http://sti.bmj.com/ Downloaded from incubated for three to five minutes in the water bath, until the lipoid controls, most of the serum controls, and -most of the negative sera, including the known negative, showed complete haemolysis.
Readings.-During hamolysis, the tubes were watched closely, removed from the bath when ready, read quickly, and interpreted as indicated in Table III No clinical details were known at the time of testing. When these details were received later, it was noted that some cases had provided more than one specimen included in the totals, these specimens representing successive stages in treatment. The number of cases has therefore been noted as well as the number of sera. These details and the results of the comparison are shown in Table IV . This unselected group of sera is seen to include only 20 from untreated cases and 525 from cases in various stages of treatment for syphilis. In i8 there were hiistories of syphilis for which positive clinical evidence was lacking, and in 5 there were old histories of sores, I78 sera from treated cases of syphilis, 40I gave weak reactions or were negative by the Harrison-Wyler test, and thus fall in the category for which the new method was especially designed. The Table illustrates clearly the advantage of the new method over the Harrison-Wyler in respect of both sensitivity and specificity. As regards sensitivity, the percentage of positive reactions in the treated syphilis series was 23-6 by the Harrison-Wyler and 38-8 by the new method. In the series " History of Syphilis or of Sore," the 4 positive reactions by the new method might, of course, have been non-specific, but the absence of any similar reaction in the non-syphilitic series testifies to the contrary. With regard to the 27 partial and complete reactions in the non-syphilitic series with the HarrisonWyler method, it should be noted that they were from 22 patients of whom i provided 3 specimens giving ± reactions, and another, 4 specimens, which gave i ± and the 3 + reactions (all with the same heart extract).
Specimens from this patient were tested by seven other pathologists as part of a scheme of comparison tests. Two reported + ; three, ± ; one, + and ± on different occasions; and one, -. All seven specimens from these 2 cases gave negative reactions by the new method and by the Kahn test. The 6 sera giving partial reactions by the new method came from 4 other cases. Three of these 6 partial reactions (from 3 cases) occurred witlh one batch of complement, and all occurred while M/50 magnesium I79 group.bmj.com on October 26, 2017 -Published by http://sti.bmj.com/ Downloaded from glycerophosphate was being used, though the precise significance of this is-not known. There is some prospect that suitable modification may give even greater specificity.
For further information, sera giving weak or anomalous reactions were re-tested by Wyler's method (I932) using the three-fold increase (3/5 volume) of serum amount. Results by the three methods, on this selected group of sera with non-syphilitic controls, are compared in Table V . Wyler's main claim for increasing the serum amount was that it " enables a definite answer of positive or negative to be given " without loss of specificity, " in a significant proportion of cases" which would otherwise be left in doubt. This is supported by A full opportunity to compare the new method thoroughly with flocculation tests has not occurred, but it may be mentioned that in the series reported in Table  IV From the standpoint of permanence, this type of reaction showed itself in 4 specimens from a non-syphilitic case over a period of 6 months, and in 5 specimens from a treated syphilis case over a period of 8 months. Thus the supposition that certain partial fixations are due to a lasting serum condition in a small proportion of the population is not without support.
Experiments with Individual Sera.-These main conclusions derived from a large group of sera may be supplemented by conclusions resulting from individual tests. The modifications which are applied in combination in the new method were also applied singly to representative sera to reveal the main effect of each modification on each type of serum. The results are shown in Table VI . Confirmation is thus obtained that increase in specific reactions is mainly due to the increase of serum amount, though decrease in lipoid strength and addition of magnesium contribute to the detection of very weak, specific reactions. The decrease in non-specific reactions is mainly due to the decrease in lipoid strength as suggested in the theoretical discussion. The nature of the non-specific partial fixation occurring with the new method is not yet clear. The one example examined showed that this fixation is strengthened by increase of serum, reduced by decrease of lipoid strength, and raised again by the presence of magnesium glycerophosphate.
Results with Anomalous Sera. 
DISCUSSION
Specificity of the Wassermann test probably depends both on a correct adjustment of haemolysis times to suit the balance of the haemolytic system, and on the absence of reactive concentrations of contaminants in the lipoidal extract. On the latter point, most of the recent methods have adopted a partial purification of the lipoid and its use at high dilution (Kolmer, I928; M0rch, I935; Eagle, I937; Wadsworth et al., I938b) . Since it is doubtful to .what extent a simple fractionation can remove sufficient contaminating material to influence specificity, the technique described in this paper may be of use even with partially purified lipoid preparations. In tests with partially purified lipoid by the Eagle method, Vogelsang (I940 , Table 67 ) has reported o 9 per cent. of fixations (full or partial) among i,6o6 non-svphilitic sera. If these fixations could be reduced in any proportion approaching the four-fold reduction recorded in this paper, a close approach to absolute specificity would be attained.
The merits of cold, as compared with room temperature (cool) fixation have not yet been investigated with thenew method. Vogelsang (I940 , Tables I9 and 20) technique. If such fixations could be eliminated by using the method here described, full use could be made of the increase of sensitivity resulting from cold fixation.
SUMMARY
The specificity of the Wassermann reaction can be notably improved by using two strengths of lipoidal emulsion as was done by Sordelli (I93I) , in combination with two strengths of serum. The results are interpreted as if subject to the zone inhibitions of an authentic immune reaction, and the nature of the inhibition is used as a guide to specificity. For obvious reasons, the complement dose must be kept constant.
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